Human enterovirus 71 (EV-71) is one of the major etiologic causes of hand, foot, and mouth disease (HFMD) among young children worldwide, with fatal instances of neurological complications becoming increasingly common. Global VP1 capsid sequences (n ‫؍‬ 628) sampled over 4 decades were collected and subjected to comprehensive evolutionary analysis using a suite of phylogenetic and population genetic methods. We estimated that the common ancestor of human EV-71 likely emerged around 1941 (95% confidence interval [CI], 1929 to 1952), subsequently diverging into three genogroups: B, C, and the now extinct genogroup A. Genealogical analysis revealed that diverse lineages of genogroup B and C (subgenogroups B1 to B5 and C1 to C5) have each circulated cryptically in the human population for up to 5 years before causing large HFMD outbreaks, indicating the quiescent persistence of EV-71 in human populations. Estimated phylogenies showed a complex pattern of spatial structure within well-sampled subgenogroups, suggesting endemicity with occasional lineage migration among locations, such that past HFMD epidemics are unlikely to be linked to continuous transmission of a single strain of virus. In addition, rises in genetic diversity are correlated with the onset of epidemics, driven in part by the emergence of novel EV-71 subgenogroups. Using subgenogroup C1 as a model, we observe temporal strain replacement through time, and we investigate the evidence for positive selection at VP1 immunogenic sites. We discuss the consequences of the evolutionary dynamics of EV-71 for vaccine design and compare its phylodynamic behavior with that of influenza virus.
Human enterovirus 71 (EV-71) is one of the major etiologic causes of hand, foot, and mouth disease (HFMD)
among young children worldwide, with fatal instances of neurological complications becoming increasingly common. Global VP1 capsid sequences (n ‫؍‬ 628) sampled over 4 decades were collected and subjected to comprehensive evolutionary analysis using a suite of phylogenetic and population genetic methods. We estimated that the common ancestor of human EV-71 likely emerged around 1941 (95% confidence interval [CI], 1929 to 1952), subsequently diverging into three genogroups: B, C, and the now extinct genogroup A. Genealogical analysis revealed that diverse lineages of genogroup B and C (subgenogroups B1 to B5 and C1 to C5) have each circulated cryptically in the human population for up to 5 years before causing large HFMD outbreaks, indicating the quiescent persistence of EV-71 in human populations. Estimated phylogenies showed a complex pattern of spatial structure within well-sampled subgenogroups, suggesting endemicity with occasional lineage migration among locations, such that past HFMD epidemics are unlikely to be linked to continuous transmission of a single strain of virus. In addition, rises in genetic diversity are correlated with the onset of epidemics, driven in part by the emergence of novel EV-71 subgenogroups. Using subgenogroup C1 as a model, we observe temporal strain replacement through time, and we investigate the evidence for positive selection at VP1 immunogenic sites. We discuss the consequences of the evolutionary dynamics of EV-71 for vaccine design and compare its phylodynamic behavior with that of influenza virus.
Enterovirus 71 (EV-71) is a member of the genus Enterovirus in the family Picornaviridae. Classified as human enterovirus species A (HEV-A) along with some group A coxsackieviruses (CV-A), EV-71 is a small, nonenveloped, positive-stranded RNA virus with a genome approximately 7,400 bases long and is genetically most related to CV-A16. EV-71 is divided into three major genogroups (denoted A, B, and C), and various subgenogroups within genogroups B and C.
Since its first isolation in the United States in 1969 (71), EV-71 has been identified worldwide as a common cause of hand, foot, and mouth disease (HFMD) in young children and infants. Large EV-71-associated HFMD outbreaks have been reported in the United States, Europe, Australia, and Asia and constitute a significant and emerging threat to global public health (9, 50, 62, 63) . Although EV-71 infection manifests most frequently as a mild, self-limited febrile illness characterized by papulovesicular lesions on the hands, feet, oropharyngeal mucosa, and buttocks, a small proportion of acute infections are associated with fatal neurological symptoms, including brain stem encephalitis, aseptic meningitis, and poliomyelitis-like paralysis (4, 28, 47) . Such cases of neurological disease with a high case fatality rate were first reported in Bulgaria in 1975 (21) and Hungary in 1978 (52) . However, large HFMD epidemics with high mortality rates resurfaced 2 decades later, in Malaysia in 1997 (2, 13, 16, 43) and Taiwan in 1998 (33, 42) . Following these outbreaks, the Asia-Pacific region has experienced more frequent large-scale EV-71-associated HFMD epidemics-most with a high incidence of neurotropic infections and significant case fatality rates-and the virus has attracted global attention (3, 5, 14, 15, 18, 37, 46, 48, 55, 57, 74, 81, 82) . Intriguingly, almost all outbreaks reported in the Asia-Pacific region during the last decade were caused by previously undefined EV-71 subgenogroups, raising questions about their origin, genetic complexity, and epidemiological behavior.
The icosahedral particles of EV-71, which are structurally similar to those of other members of the Picornaviridae, consist of structural proteins (capsid proteins VP1 to VP4) assembled as pentameric subunits (66) . The VP1 protein is highly exposed and usually targeted by host neutralizing antibodies, predisposing the VP1 gene to constant immune selective pressure. This selection may drive the adaptive evolution of the capsid region of many enteroviruses, possibly resulting in amino acid fixations in virus populations (19, 45, 79) . Because the VP1 gene of enteroviruses is thought to play an important role in viral pathogenesis and virulence (10, 12, 30) , understanding the tempo and mode of evolution of the capsid protein can provide new insights into the epidemiological dynamics of EV-71 that may be useful in predicting the genetic basis and periodicity of future EV-71 epidemics and in facilitating the development of an effective EV-71 vaccine candidate.
In this study, we investigated the evolutionary dynamics and genetic history of EV-71. We estimate the dates of emergence of various subgenogroups identified in recent HFMD outbreaks. Using recently developed Bayesian methods of evolutionary analysis, we estimate the divergence time of EV-71 from its closely related ancestor CV-A16, thereby providing a date of origin for EV-71. We also reconstruct the global population dynamics of EV-71 over the past 40 years, revealing temporal trends in genetic diversity within and between major epidemics. Finally, despite finding little evidence of positive selection in the VP1 capsid protein, we observed a pattern of continuous strain and lineage replacement through time, with strong selective pressure detected at several potentially immunogenic sites. The impact of EV-71 evolution on the development of an EV-71 vaccine is also discussed.
MATERIALS AND METHODS

Enterovirus 71 sequence collection and phylogenetic analyses.
A total of 628 complete VP1 gene sequences with known collection dates between 1970 and 2008 were retrieved from GenBank (www.ncbi.nlm.nih.gov), corresponding to virtually all reported EV-71 VP1 genes (as of mid-2008). The nucleotide sequences were isolated mainly from large HFMD outbreaks that occurred in the last 4 decades in Asia, Europe, and America. The data set includes recently described full-length EV-71 genomes sampled from Malaysia (85) and data derived from the first EV-71 surveillance study in the United Kingdom (8) . EV-71 strains known to be associated with severe or fatal neurological complications in Europe, Malaysia, Taiwan, Vietnam, and China were also included. Genogroup A was represented by the BrCr-CA-70 isolate, an early prototype strain collected in 1970. Phylogenetic estimates of EV-71 genogroups B and C and their respective subgenogroups were consistent among different phylogenetic approaches, specifically, maximum-likelihood (ML), neighbor-joining (using PAUP*, version 4.0 beta [78] ) and the Bayesian Markov chain Monte Carlo (MCMC) method (using BEAST [24] , described below). All accession numbers for the VP1 sequences are provided in Table S1 in the supplemental material. To test for the presence of recombination in the VP1 gene, sequences were screened using the Recombination Detection Program (RDP) version 3.27, under both the default and triplet settings. RDP implements a combination of methods including RDP, CHIMAERA, GENECONV, MAXIMUM 2 , and 3Seq for recombination detection (we also used BOOTSCAN and SISTER SCANNING for secondary scanning) (44) . Potential recombinant sequences were suggested when more than three methods showed significant support for recombination with a Bonferroni-corrected P value cutoff of 0.05.
Bayesian MCMC evolutionary analyses. Rates of evolution, molecular clock phylogenies, divergence times, demographic histories, and other evolutionary parameters were jointly estimated from heterochronous VP1 gene sequences of genogroups B and C (with sampling date ranges of 32 and 26 years, respectively) using the Bayesian MCMC method implemented in BEAST, version 1.4.8 (24) .
To reduce excessive computational load, closely related sequences collected at the same location and time point (i.e., from a single outbreak/source) were manually removed without compromising the genetic or geographical heterogeneity of each alignment, resulting in a down-sampling of the genogroup B and C data sets to 229 and 251 sequences, respectively. Bayesian MCMC analyses (36) were performed using a relaxed molecular clock model (the uncorrelated lognormal-distributed model [UCLD]) (22) . Analyses were independently performed using the Hasegawa-Kishino-Yano (HKY) (32) and general time-reversible (GTR) (68) nucleotide substitution models, with a gamma-distributed among-site rate variation with four rate categories (␥ 4 ) (84). Bayesian MCMC analyses were repeated using the constant size and exponential growth models in order to investigate the degree to which dating estimates are affected by the demographic model chosen (23) . Each Bayesian MCMC analysis was run for 20 million states and sampled every 10,000 states. Posterior probabilities were calculated with a burn-in of 2 million states and checked for convergence using Tracer, version 1.4 (64) . The posterior distribution of the substitution rate obtained from the heterochronous sequences was subsequently incorporated as a prior distribution for the evolutionary rate of EV-71 genogroups B and C, thereby adding a timescale to the phylogenetic histories of these strains and enabling the times of their most recent common ancestors (tMRCA) to be calculated (60) . Bayesian skyline plots (25) , which depict the relative viral genetic diversity (g) through time, were estimated for genogroups B and C. Finally, to investigate the phylogenetic relationships of EV-71 and the closely related CV-A16, the divergence time of EV-71 from reference CV-A16 strains (56) was estimated using a coalescent approach similar to that described above.
Natural selection and adaptation. Selection pressure on the EV-71 VP1 gene was investigated by estimating the ratio of nonsynonymous substitutions to synonymous substitutions (dN/dS) using the codon-based phylogenetic method implemented in CODEML (distributed in the PAML, version 4, package). To investigate the difference in dN/dS on the trunk and terminal branches (see Results section for definitions), we employed a branch-specific codon model that defines two independent dN/dS ratios, one for the trunk and one for the terminal branches. This lineage-specific codon model was estimated using maximum likelihood and was compared, using a likelihood ratio test (LRT) with one degree of freedom, to a null model that assumes a uniform dN/dS ratio across all branches.
To chronologically trace the evolution of nonsynonymous changes throughout the evolutionary history of EV-71 subgenogroup C1 (i.e., 1986 to 2006), we reconstructed nonsynonymous changes from the heterochronous virus sequences using a joint maximum-likelihood method (59) , as implemented in HyPhy, version 0.99 (58) . Since the phylogeny used in this approach was the maximum clade credibility (MCC) tree from the Bayesian MCMC molecular clock analysis, we were able to estimate the time when each VP1 nonsynonymous substitution occurred.
RESULTS
Phylogenetic relationships of EV-71 subgenogroups.
Maximum-likelihood phylogenetic reconstructions of 628 VP1 gene sequences, sampled between 1970 and 2008, classified the isolates into three major genogroups, denoted A, B, and C. Genogroups B and C were each composed of distinct subgenogroups-B1 to B5 and C1 to C5-consistent with previously assigned nomenclatures ( Fig. 1) (1, 11, 14, 33, 38, 46, 48, 81) . Genogroup A (71), which no longer plays a role in contemporary epidemics, was represented by a single prototype isolate (BrCr-CA-70) located outside genogroups B and C (data not shown). Phylogeographic analysis revealed that subgenogroups B1 to B5, C1, C2, and C4 exhibit a global, cosmopolitan distribution, whereas the C3 and C5 lineages are restricted to Korea and Vietnam, respectively ( Fig. 1 ). Cocirculation of multiple subgenogroups has been observed in some countries, for example, Malaysia, the United States, Taiwan, and Japan. Early subgenogroups (B1 and B2) that caused major HFMD epidemics in the 1970s and 1980s (4, 21, 52, 69) appear to have been replaced (11) by new subgenogroups (B3, B4, and B5) that have since become predominant and circulate endemically in the Asia-Pacific region, generating major EV-71-associated HFMD outbreaks ( Fig. 1A) , including those with fatal neuro- Each genogroup is classified into five subgenogroups, denoted B1 to B5 and C1 to C5, respectively. The trees are midpoint rooted, and significant bootstrap support values (Ն80%; 1,000 bootstrap replicates) are indicated by asterisks at major nodes. Scale bars signify a genetic distance of 0.02 nucleotide substitutions per site. For clarity, the year of isolation of each sequence is not shown in this figure but is listed in Fig.  S1 and S2 in the supplemental material. Several C3-and C4-like isolates are also shown at the base of the C3 and C4 clusters, respectively. logical cases in Malaysia and Taiwan (1, 48, 82) . In contrast, subgenogroup C1, which was first described in Australia and the United States in the mid-1980s ( Fig. 1B) (4, 70) , has continuously been identified in various countries since its initial detection. Later in the 1990s, the diversity of genogroup C expanded significantly due to the emergence of a number of novel subgenogroups in the Asia-Pacific region, including subgenogroups C2, C4, and C5 that have been associated with fatal HFMD cases in Taiwan (1998) (33) , China (2008) (5, 18) , and Vietnam (2005) (81), respectively. Expanded phylogenies showing the isolate name, country of origin, and sampling time for each sequence are provided in Fig. S1 and S2 in the supplemental material. Additionally, rigorous recombination analysis showed a lack of recombination in the capsid-encoding VP1 region, consistent with previous analyses on human enterovirus species (73) .
Of note, EV-71 isolates belonging to the same subgenogroup but sampled from different locations showed a complex pattern of relatedness (except for subgenogroups C3 and C5, which were sampled from only a single country). Within a subgenogroup, clusters of sequences sampled from the same location were observed, but these clusters were interspersed with those from other locations. This suggests an intermediate level of geographic gene flow, such that a particular subgenogroup may endemically persist in diverse parts of the world, with occasional movement of viral lineages among locations. This also suggests that contemporary HFMD outbreaks in different countries caused by the same EV-71 subgenogroup may be the result of different lineages and are less likely to have been caused by the sequential transmission of a single lineage between countries (72) . In addition, a ladder-like tree structure was observed within subgenogroups that were sufficiently sampled in both time and space (B1 to B4, C1, C2, and C4) ( Fig.  1 ). This characterizes trees in which viral sequences isolated at early time points are located toward the tree root, while sequences collected later are found further from the root, together with limited genetic diversity observed at any one time.
Such phylogenetic patterns may suggest a process of temporal strain replacement occurring on a global scale.
Evolutionary rate, time of subgenogroup emergence, and origin of EV-71. Since the 1990s, seven novel subgenogroups have been discovered in the Asia-Pacific region. To understand the evolutionary behavior of EV-71, we estimated the dates of origin of each subgenogroup using a Bayesian relaxed molecular clock method, a newly developed approach that assumes no a priori correlation between a lineage's rate of evolution and that of its ancestor (22) . The evolutionary rate of the VP1 gene was estimated to be 4.5 ϫ 10 Ϫ3 to 4.6 ϫ 10 Ϫ3 and 4.2 ϫ 10 Ϫ3 substitutions/site/year for genogroups B and C, respectively ( Table 1 ). The estimated substitution rates for genogroups B and C are similar and higher than those estimated using the less statistically appropriate linear regression method previously used (11) . Our analyses also indicated substantial heterogeneity in evolutionary rates among viral lineages, with an estimated coefficient of variation of 0.44 (95% credible region [CR], 0.28 to 0.57) and 0.39 (95% CR, 0.25 to 0.53) for genogroups B and C, respectively. Using the estimated molecular clock, the common ancestor of subgenogroup B1 (first identified in 1972 in the United States) was dated to around 1967 (Table 1) , that is, before the recognition of EV-71 as a human pathogen. Other novel subgenogroups have since emerged, i.e., in the late 1970s (B2), early to mid-1990s (B3 and B4), and early 2000s (B5). When our estimates of origin are compared with the dates of first detection of each subgenogroup, we find that the divergent B subgenogroups typically circulated for approximately 2 to 5 years before causing large HFMD outbreaks (Table 1) .
Similar results were obtained for genogroup C lineages; the various subgenogroups within genogroup C were identified only 1 to 5 years after their dates of common ancestry ( Table  1 ). The evolutionary models employed in the coalescent analyses had no significant effect on estimated dates (Table 1; see  also Table S2 in the supplemental material, where divergence times obtained under two further models are provided). The cryptic circulation of each EV-71 subgenogroup for years prior to its detection suggests that (i) the virus was circulating at low prevalence, such that the number of HFMD cases was small and occasional or no deaths were reported, and/or (ii) infection symptoms were not severe during the course of infection (17), thus attracting little or no attention.
Using the VP1 sequences from all genogroups, the time of origin of EV-71-a probable descendant of the closely related CV-A16-was estimated to be 1941.0 (95% CR, 1928.8 to 1952.2) ( Fig. 2) . Our analyses suggest that EV-71 is a relatively recent human pathogen that emerged in the mid-20th century (51) . Marginal-likelihood analysis (77) showed that a demographic model of exponential growth fits the VP1 data set better than a model of constant population size (log 10 Bayes factor, 7.6).
Dynamics of population growth. Bayesian skyline plot analyses (25) were performed to reconstruct the past population history of EV-71 by measuring the dynamics of VP1 genetic diversity over time (Fig. 3) . Sharp but transient increases in relative genetic diversity (g) were observed for genogroup B in the late 1990s. These correspond to the period when largescale HFMD outbreaks were reported in Malaysia, Taiwan, and other countries in the Asia-Pacific region, during which subgenogroups B3 and B4 were originally described (1, 82) . Prior to this, irregular cycles in genetic diversity can be observed between early 1970s and mid-1980s, perhaps reflecting the swift but sporadic occurrence of EV-71 outbreaks in various parts of the world, which were mainly caused by subgenogroups B1 or B2 although these earlier trends are less statistically significant. Crucially, the dynamics of the skyline plot are largely in agreement with the global surveillance data of laboratory-confirmed EV-71 cases (Fig. 3B ) longitudinally recorded over the past 4 decades (9), suggesting that elevation in genetic diversity is correlated with EV-71 epidemics, as has been previously observed for the human influenza A virus (65) .
Likewise, skyline plot estimation based on the VP1 gene of genogroup C revealed a significant rise in genetic diversity around 1985, coinciding with the emergence of C1 (Fig. 3) . Interepidemic viral diversity of genogroup C was maintained until major HFMD outbreaks (driven primarily by subgenogroup C2) occurred in Taiwan in 1998 (33) .
Natural selection and adaptation in VP1. To investigate the extent of selective pressure on the VP1 gene of EV-71, we estimated the ratio of nonsynonymous to synonymous substitution using a codon-based method. Maximum-likelihood analyses showed that the evolution of EV-71 is driven by strong purifying selection, with estimates of mean dN/dS values ranging from 0.029 to 0.075 for all subgenogroups (except B3, for which the mean dN/dS is significantly higher) ( Table 2 ). This strong signal of negative selection is perhaps surprising, given that estimates of EV-71 VP1 substitution rates are similar to those observed for the surface glycoproteins of the influenza virus (26) and HIV-1 (67) , which show evidence of repeated positive selection. Nonetheless, some individual sites under positive selection were detected in well-sampled subgenogroups, including B2, B3, B4, C1, and C2, and are located at positions 145 (P Ͻ 0.05), 98 (P Ͻ 0.05), 237, and 241 (P Ͻ 0.05) ( Table 2) .
As mentioned above, maximum-likelihood phylogenies of EV-71 subgenogroups are characterized by a ladder-like structure resulting from the continual turnover of viral lineages through time (Fig. 1) . Branches in such phylogenies can be distinguished as either trunk or terminal branches. Mutations that occur on trunk branches may contribute to the persistence and survival of viral lineages through time, whereas those on the terminal branches are transient and not observed at later time points. We therefore studied whether the pattern of adaptive evolution for subgenogroup C1 differed between these sets of branches. We define "core trunk" branches as those connecting the tree root to the MRCA of the most recently sam- pled isolates, and we defined terminal branches as those at the tree tips (Fig. 4A ). In addition, we defined a set of secondary trunk lineages as those that immediately branch off the core trunk lineage and that persist for an intermediate period of time (ϳ4 to 9 years). Lineage-specific codon-based analyses of subgenogroup C1 VP1 genes revealed a significantly lower dN/dS ratio for the trunk lineages (0.030 Ϯ 0.009) than for the terminal lineages (0.064 Ϯ 0.008) (P ϭ 0.055). This is best explained by a combination of strong purifying selection on all lineages, as proposed above, combined with a greater occurrence of transient deleterious mutations on terminal branches than on trunk branches. This is in agreement with the conclusions of a comparative study that found the same pattern in most RNA viruses (61) . Interestingly, we found instances of repeated nonsynonymous substitution in the same codon on different terminal lineages (see Table S3 in the supplemental material). For instance, the VP1 position 98 underwent frequent amino acid replacements (e.g., E98K/G, n ϭ 13; K98N, n ϭ 1) on terminal lineages, but no changes at this site were found on the trunk lineages. These amino acid changes were unidirectional, from glutamic acid to lysine (or sometimes to glycine), which is unlikely to occur by chance. Positions 1, 145, and 289 also showed repeated amino acid replacements on terminal lineages, but the changes were less directional than those at position 98. The finding suggests that the maintenance of glutamic acid at position 98, which is completely exposed on the VP1 capsid surface and thus potentially immunogenic (66), might be important for the long-term persistence of subgenogroup C1. Two nonexclusive hypotheses might help to explain this observation: (i) the E98K/G substitution directly reduces viral fitness, leading to lineage extinction, or (ii) the E98K/G substitution is an adaptive/epistatic change associated with mutations elsewhere in the EV-71 genome or with infection conditions such as hyperimmune responses exerted by the host. Of note, amino acid substitutions observed in our analysis are unlikely to be a cell culture artifact because, in most laboratory settings, PCR and sequencing are usually performed directly on clinical specimens (75) or low-passage virus isolates (1, 2) , limiting the possibility that cell culture-adapted mutations are generated (20) . Furthermore, studies by Bible and colleagues have shown that virus cultivation in cell cultures may have negligible influence on the native sequence of the VP1 gene (8) . Our results suggest the need for further studies to elucidate the biological properties of EV-71 immunogenic sites.
We also chronologically traced trunk lineage-specific nonsynonymous mutations in the VP1 gene of subgenogroup C1 from 1983 to 2006 (including mutations on core and secondary trunk branches) ( Fig. 4 ; see also Table S3 in the supplemental material). Only 14 nonsynonymous substitutions are observed on the trunk branches, and they occur at 10 different sites. These mutations are candidates for the changes that may determine viral survival and persistence, possibly by generating antigenic novelty. Interestingly, we found reversed change, or "toggling," of amino acids in the VP1 gene. For instance, glutamic acid at position 145 changed to glutamine in 1985 to 1986 and later reverted to glutamic acid in 1988 to 1989; isoleucine at position 262 was replaced by valine in 1990 to 1994 and returned to isoleucine in 1997 to 1999; alanine at position 289 changed to threonine in 1994 to 1996 and reverted to alanine in 1998 to 2005. Moreover, most of this amino acid toggling occurred on the core trunk branches, and changed residues persisted for about 3 to 5 years (Fig. 4) . It is therefore essential to understand how the occurrence of these changes may be correlated with the epidemiology of EV-71 outbreaks, which typically occur in a periodic manner.
DISCUSSION
This study establishes the early origin, spatiotemporal divergence, and epidemiological dynamics of EV-71 for the first time, providing new insights into virus-host interactions and disease periodicity. We reconstructed the epidemic history of EV-71 and found that the virus is a recently emerged pathogen that originated around the mid-20th century. Using the relaxed molecular clock and coalescent approaches, we conclude that EV-71 subgenogroups have been circulating cryptically in hu- Table S4 in the supplemental material), suggests that at least three independent waves of major outbreaks-one in each decade-have occurred worldwide since 1970. These episodes of outbreaks are indicated by gray shading in all plots. Country names are abbreviated as follows: US, United States; AU, Australia; JP, Japan; BU, Bulgaria; FR, France; HK, Hong Kong; TW, Taiwan; MY, Malaysia; SG, Singapore; CN, China; KR, Republic of Korea; VN, Viet Nam; HU, Hungary; MN, Mongolia; BN, Brunei. (80) . Thus, the estimated divergence times in this study could be more recent than the actual dates of outbreak origin. Fortunately, we found no evidence of homologous recombination within our data sets, suggesting that our evolutionary analyses (which do not explicitly incorporate recombination) are unlikely to be strongly affected in this instance. Furthermore, the correspondence between our inferred genetic diversity dynamics and known epidemiological trends is reassuring. Although potential biases in estimation can arise from model misspecification (34, 53) , they have likely been avoided here by the use of highly flexible models such as the relaxed clock and skyline plot. However, since recombination outside the VP1 region has been reported (73) , our divergence dates should be considered specific to VP1 and may not be applicable to other genome regions. Persistence in genetic diversity between epidemic peaks, as illustrated by the Bayesian skyline plots (Fig. 3) , suggests that human populations sustain EV-71 transmission at low levels without triggering huge epidemics (65) . Further, the increase in genetic diversity-most evident in the late 1990s-is likely a consequence, at least in part, of the emergence of heterogeneous EV-71 subgenogroups. Together, our data show that the genetic diversity dynamics of EV-71 are associated with the emergence of new subgenogroups and can be used to reflect past HFMD outbreaks.
When a phylogeny of longitudinally sampled subgenogroup C1 isolates is compared with a comparable human influenza virus A phylogeny (subtype H3N2; hemagglutinin gene; isolates sampled between 1985 and 2007 from six Asian countries), we note some similarities between the evolutionary dynamics of the two viruses ( Fig. 5A ). Both phylogenies are characterized by temporal structure with continuous strain replacement through time although strain replacement is perhaps more vigorous for influenza virus. For influenza virus, the low level of host cross-immunity among antigenic types is thought to generate, at the population level, positive selection for immune escape variants (termed antigenic drift). This process has been linked to the strongly temporal shape of influenza virus phylogenies, with limited genetic diversity at any one time (29, 76) .
Although influenza virus-like antigenic evolution is one possible explanation of the observed EV-71 phylogeny shape, it is not without problems. Other enteroviruses, notably poliovirus, have remained antigenically stable for many years. Furthermore, it is possible that the temporal structure of the EV-71 phylogeny results from cyclical epidemic dynamics that do not depend on antigenic escape from host immunity. Specifically, gradual accumulation of susceptible hosts through birth (40) and low EV-71 seroprevalence or seroconversion rates at the population level (17, 42) may trigger large-scale viral transmission once a threshold density of susceptible hosts is reached. Intriguingly, EV-71 outbreaks do appear to show a cyclical pattern, occurring about every 2 to 3 years. In Japan, for instance, oscillation in EV-71 infections has been documented over the last 3 decades (Fig. 5B) , and a similar trend has also been observed recently in Malaysia (57) . Whether antigenic evolution is important in causing these cycles is a key area of uncertainty. Clearly, further research is needed to understand the dynamic relationships between the virus, its hosts, and the environment; this will require integration of population and exposure data before the onset of disease with comprehensive sequencing of pathogen and host genomes in large-scale prospective birth cohorts over an adequate period of time (41) . The selection for immune escape variants in influenza virus presents a major challenge to the development of an efficacious vaccine that elicits broadly neutralizing antibodies against the virus (35) . Although current influenza virus vaccines can limit illness, they must be regularly updated to match the influenza virus variants that are "predicted" to constitute future global epidemics (31) . Little is known about EV-71 genetic diversity; however, if it does exhibit influenza virus-like antigenic drift, then the strategies adopted in developing an influenza virus vaccine may be relevant for EV-71. Developing an EV-71 vaccine may present a daunting challenge if actively circulating subgenogroups are antigenically distinct. Multiple EV-71 subgenogroups can cocirculate during an outbreak (1, 46, 82) , and rapid switching among subgenogroups has become increasingly common, perhaps caused by virus importation, evolution of novel lineages, or other factors (14, 39, 48, 57, 82) . Although broadly neutralizing antibodies against selected EV-71 subgenogroups have been reported in animal models (6, 27, 49, 54, 83) , the degree of cross-protection and the potential for EV-71 escape evolution in humans remain uninvestigated and unknown. Therefore, addressing the dynamic relationships between the rapidly evolving EV-71 and its human hosts is critical in gaining a better understanding of the disease.
